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Previous work on InAs core-shell QDs has primarily focused on shell materials based on the selenides, specifically ZnSe and CdSe. [3] [4] [5] Selenium is prone to surface oxidation in QDs, 6 which may hinder stability and surface modifications. InAs core-shell materials based on the air-stable sulfides have been limited to the highly lattice mismatched (10.71%) ZnS shell. 7, 8 In order to improve photoluminescence quantum yields (QYs) and long term stability of InAs QDs we have looked to the well-studied CdSe QD system for inspiration on robust shell materials. As the CdSe (a = 6.05 Å, zinc blende) lattice parameters are nearly identical to those of InAs (a = 6.058 Å), 9 we hypothesized similar shell materials would be transferable between the InAs and CdSe QD systems. CdSe(CdS) and CdSe(ZnCdS) core-shell QDs have been shown to provide a robust QD surface that can withstand the conditions of ligand exchange, a necessary criterion for compact water soluble QDs (Scheme 1). 10, 11 A shell of CdS or the alloy ZnCdS has not been previously reported on InAs QDs.
The reduction of lattice mismatch (CdS, 3.73%) 9 between the core and shell semiconductors and the use of an air-stable sulfide based shell is necessary for QD stability during ligand exchange. 10 The growth of a pure CdS shell onto InAs QDs results in red shifting of emission past the 800 nm window before even one monolayer (ML) is grown ( Figure S1 ). While a pure ZnS shell confines the electron and hole to the InAs core (minimal red shifting) 7 the high lattice mismatch of ZnS is not ideal for ligand exchange. We have found a ZnCdS alloy provides a shell with reduced lattice mismatch and moderate confinement of the exciton to the InAs core for wavelength targeting (700-900 nm).
The synthesis of small InAs cores (1.4 nm inorganic diameter) was carried out in a mixture of octadecene, tri-n-octyl phosphine (TOP), tris(trimethylsilyl) arsine, and indium myristate using a slightly modified version of the synthesis reported by Xie and Peng. 4 Oleyl amine was added prior to shell growth to provide surface passivation during the over-coating process, resulting in enhanced QYs ( Figure S2 ). The ZnCdS QD shell was grown over several hours by dropwise addition of dimethyl cadmium, diethyl zinc, and bis(trimethylsilyl) sulfide in TOP (Supporting Information). The shell thickness and ZnCdS composition can be precisely tuned by reaction time and reagent concentrations. We found 2.5 MLs of Zn 0.7 Cd 0.3 S to provide small QDs (2.9 nm inorganic diameter) with emission at 800 nm (QYs 35-50%) that retain high QYs when ligand exchanged (Figure 1 .a-d).
Scheme 1 demonstrates water solubilization of InAs(ZnCdS) QDs through ligand exchange with a polymeric imidazole ligand (PIL). Poly(amino-PEG 11 ) 25% -PIL is a random co-polymer built on an acrylic acid backbone incorporating poly(ethylene) glycol (PEG 12 ) groups for water solubility (25 mol %), amino-PEG 11 groups for conjugation chemistry (25 mol %), and imidazole groups for QD binding (50 mol %), the detailed synthesis and characterization of these polymers is reported elsewhere. 11 The resulting aqueous QDs have a hydrodynamic diameter (HD) of <10 nm ( Figure S3 ). The QYs of ligand exchanged QDs were typically 25%. Figure 1 .c-d demonstrates that the absorption spectrum remains identical before and after ligand exchange, and the small decrease in PL is consistent with a high quality shell.
In order to illustrate the utility of InAs(ZnCdS) QDs as targeted in vitro biological labels we ligand exchanged the QDs with the amine functionalized poly(amino-PEG 11 ) 25% -PIL polymer. The primary amines allow for streptavidin to be coupled to the QDs by a 1-ethyl-3-(3dimethylaminopropyl) carbodiimide (EDC) coupling scheme to create a streptavidin-QD construct. We then transfected HeLa cells with a plasmid for yellow fluorescent protein (YFP), bound to an extracellular acceptor peptide (AP) tag 12 and a transmembrane domain (TM) for cell surface targeting (AP-YFP-TM), as well as with a plasmid for endoplasmic reticulumlocalized biotin ligase (BirA). 11, 13, 14 The AP tag is specifically biotinylated by the coexpressed BirA and displayed on the cell surface as a fusion to YFP and the TM domain. Figure  2 .a demonstrates that no non-specific cell interactions occur when biotin blocked streptavidin-QD conjugates are incubated with HeLa cells. In Figure 2 .b co-localization of the YFP and NIR streptavidin-QD signal was observed, indicating targeting of streptavidin-QDs to the biotin at the cell membrane.
For in vivo applications, the minimal absorption and autofluorescence in tissue in the NIR region suggest utility for NIR QDs in intra-vital microscopy as high-contrast probes. We compared the effectiveness of green visible CdSe(CdS) and NIR InAs(ZnCdS) QDs as contrast agents for fluorescent angiography, in vivo, in a mouse model. We implanted mammary fat pad window chambers in female SCID mice to facilitate fluorescence microscopy in living mammary tissue using multi-photon microscopy (MPM). 15 We implanted E0771 mammary tumor cells and allowed the tumors to grow to a diameter of 3 mm prior to imaging. Each QD sample was ligand exchanged with poly(PEG 12 )-PIL, a polymer composed of PEG 12 (50 mol %) and imidazole (50 mol %), to achieve a HD <10 nm and a PEGylated surface to prevent non-specific binding ( Figure S3 ). 11 Using MPM, we adjusted the green and NIR QDs to concentrations of equal PL intensities in vitro and injected 200 μL of this solution intravenously into the mouse via a bolus retro-orbital injection.
For comparative study, we collected grayscale images of a mammary tumor in vivo thirty minutes after intravenous injection of the green and NIR QDs (Figure 3) . The NIR QDs clearly image deep vasculature up to 200 μm, while the visible emitting QDs produce an image with poor vascular contrast and low PL intensity. Figure 3 .a portrays a region of the tumor with low levels of auto-fluorescence and demonstrates rapidly decreasing vascular intensity with imaging depth for visible QDs, while the NIR QDs are intense even at 200 μm as the emitted NIR light is absorbed less by the tissue than visible light. Figure 3 .b is a region of the tumor where high levels of auto-fluorescence resulted in poor contrast even at superficial depths for the visible QDs while the NIR QDs show excellent contrast at all depths. The injected concentrations and microscopy parameters were maintained from in vitro imaging, and thus any differences in PL intensity and contrast between the two QDs in vivo are a result of photon absorption and auto-fluorescence in surrounding tissues.
In conclusion, we have prepared water soluble InAs(ZnCdS) QDs with bright and stable emission in the NIR. The NIR QDs can be functionalized to enable imaging of specific cellular proteins. In addition, the utility of the NIR region for in vivo biological imaging is clearly demonstrated by the superior ability of InAs(ZnCdS) QDs to image tumor vasculature.
Scheme 1.
Ligand exchange of organic soluble QDs with poly(amino-PEG 11 ) 25% -PIL to enable water solubilization. In vivo grayscale MPM images with 850 nm excitation (a-b) of the vasculature in a mammary tumor in a mouse with CdSe(CdS) (green channel) and InAs(ZnCdS) (NIR channel) poly (PEG 12 )-PIL QDs injected intravenously and imaged simultaneously (scale bar, 100 μm).
